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Abstract: Sediment delivery ratio (SDR) is traditionally defined as the fraction of upland gross erosion that
is transported out of a defined area, e.g., a plot or catchment. It is, effectively, an index of sediment transport
efficiency. Previously, it is treated as an empirically-lumped parameter used as a mechanism for
compensating for sediment deposition within a catchment area. In this paper, we propose a simple sediment
transport model based on the concept of linear reservoir cascades. It links SDR to catchment hydrological
response and the dominant sediment deposition processes. The new SDR formulas thus derived are used to
explain the spatio-temporal heterogeneity of sediment transport processes and their interactions with rainfall
and catchment characteristics. Further, implications for spatially-distributed sediment transport modelling
over large spatial extents are explored. Using this model we demonstrate, for the first time, that ambiguity in
the previous definition of SDR could be one major source of confusion in the controversial debate about
sediment transport in large catchments.
Keywords: Sediment delivery ratio; Sediment deposition; Erosion; Sediment budgets.
1.

INTRODUCTION

Sediment delivery ratio (SDR) is defined as the
fraction of gross erosion that is transported from a
given catchment in a given time interval. It is a
dimensionless scalar and can be expressed as
SDR = Y/E

(1)

where Y is average annual sediment yield per unit
area and E is average annual erosion over that
same area. In essence, SDR is a scaling factor used
to accommodate differences in areal-averaged
sediment yields between measurement scales. It
accounts for the amount of sediment that is
actually transported from the eroding sources to
the catchment outlet compared to the total amount
of soil that is detached over the same area above
that point. It often has a value between 0 and 1 due
to sediment deposition caused by change of flow
regime and reservoir storage. Values larger than 1
were also found at event basis or when bank or
gully erosion predominates.
Methods to estimate SDR can be roughly grouped
into three categories. The first category deals with
specific sites where sufficient sediment yield and
stream flow data are available. Methods such as
sediment rating curve-flow duration [Gregory and
Walling, 1973], or reservoir sediment deposition
survey are often used. Such approaches are not

suitable for estimating the spatial distribution of
sediment yield for a large basin because the
measurements required are rarely available at each
sub-catchment.
The second category uses empirical relationships
which relate SDR to the most important
morphological characteristics of a catchment, such
as the catchment area [Roehl, 1962]. A widely
used method is a SDR-area power function:
SDR = α Aβ

(2)

where A is the catchment area (in km ), and β are
empirical parameters. Statistical regressions based
sediment measurements show that the exponent β
is in the range -0.01 to -0.25 [Walling, 1983],
suggesting that the SDR decreases with drainage
area.
2

Despite its simplicity, Eq. (2) provides little
understanding of physical processes that underlie
the sediment transport in a large basin. This
approach provides little understanding of physical
processes that underlie the sediment transport in a
large basin. They carry no descriptions of the
mechanisms that cause the sediment transport and
fail to identify the separate effects of climate (e.g.
erosive rainfall) and catchment conditions.

Therefore, they provide limited assistance beyond
description of likely load magnitudes.
For a given catchment area, differences in values
of α and cause orders of magnitude variation in
SDR, suggesting the strong dependence of SDR on
additional properties which represent catchment
heterogeneity. It is known that factors influencing
SDR include hydrological regime (e.g. rainfallrunoff), catchment properties (e.g. vegetation,
topography, and soil properties) and their complex
interactions. Mathematical derivation of either the
dynamical, spatial, or statistical properties of SDR
in terms of those influential factors is far from
trivial.
The third category attempts to build models based
on fundamental hydrologic and hydraulic
processes In the majority of these models,
sediment delivery and deposition are predicted
through the coupling between runoff and
erosion/deposition conditioning upon sediment
transport capacity [Flanagan et al., 1995]. Despite
the merit of physical description, the existing
models are often not suited to basin scale
applications.
The purpose of this paper is to explore new ways
of modeling sediment transport at large catchment
scale. Our aim is to identify the dominant controls
on sediment transport and on catchment-tocatchment
variability.
A
second
order
consideration is to demonstrate models which
provide a better match to available measurements
and to help guide efficient design for new
measurements. We illustrate, based on a simple
linear model of sediment transport, that catchment
response of sediment can be described by the dual
effects of hydrological response and sediment
deposition.

2.

THE METHODS

2.1

Sediment Deposition

Over hillslopes, sediment deposition occurs mainly
by three processes acting in parallel: gravitational
settling, particle infiltration, and filtration of
particles by surface roughness elements or
vegetation strips.
The two deposition fluxes acting vertically
towards surface, rg and rin [M/L2/T], are due to
gravitational settling and particle infiltration:

rg = w t C ≈ w t S / H = S / t f

(3)

rin = win C ≈ win S / H = S / t in

(4)

where C is the averaged sediment concentration
[M/L3], wt and win [M/T] are the particle settling
velocity and the velocity of infiltration, H is the

average flow depth, S is the mass of sediment
stored per unit area in the catchment at a given
time [M/L2], tf and tin are the time over which
particles are removed by settling and infiltration
respectively. For simplicity, vertical deposition
due to turbulent mixing is assumed to be balanced
by sediment re-suspension and is neglected in this
study.
The settling velocity wt is a function of particle
size and can be calculated by Stoke’s law:
wt =

g
( ρs − ρ )d 2
18µ

(5)

where ρs and ρ are the particle and water density,
respectively, is dynamic viscosity coefficient for
water, d is the diameter of sediment paricles, and g
is the acceleration of gravity.


The infiltration velocity is close to the vertical
saturated hydraulic conductivity for saturated soils
and relatively higher for unsaturated soils. Under
overland flow conditions, the infiltration velocity
win have typical values in the order of 1×10-7 m/s
for clay, 1×10-6 m/s for silt and 1×10-4 m/s for sand.
Higher values are applicable for most cases as it is
rare that catchments are fully saturated during the
entire erosivity storm events.
Vegetated soil surfaces are very rough and
therefore slow overland flow, increase transit time
and extend time for sediment to deposit. We now
consider the trapping efficiency of the vegetation,
such as grass strips over a hillslope section.
Assume trapping efficiency ev
ev =

C in − C out
C in

(6)

where Cin is the upstream sediment concentration
and Cout is the sediment concentration in the flow
emerging from the downstream side of the
vegetated area. Fluid elements travel through the
vegetation strip along meandering trajectories
because of the turbulence in the flow and losing
particles by deposition to the roughness vegetation
elements as they move downhill. In a Lagrangian
or fluid-following reference frame, the sediment
concentration C [particle/L3] is governed by
dC
= − awv C
dt

(7)

where wv [L/T] is a conductance for sediment
trapping, a is the frontal area density of the
vegetation strip seeing by the water flow (the
frontal area of elements per unit volume). The
right hand side of Eq. (7) is the sink strength per
unit volume for particles due to vegetation
filtration. Regarding wv , a, and flow velocity U are

constant, Eq. (7) can be integrated along a
trajectory to yield
ev = 1 −

C out
 a wv X L
= 1 − exp −
C in
U






Eq. (8) can be recast in terms of optical porosity of
the vegetation strip seen by the flow, κ, as most
field observations about vegetation strip are in
terms of the easy to measure property such as κ or
fraction cover f, rather than a. For a uniformly
distributed vegetation strip and according to Beer’s
law
(9)

Eq. (8) becomes

e v = 1 − κ wv / U

(10)

where U is the mean flow velocity. For particle
sizes involved in shallow overland flow, Brownian
diffusion can be negligible and wv ≈ U. Hence
ev ≈ 1 − κ

(11)

Over a hillslope which is longer than the typical
fluid parcel travel length XL or is randomly
covered by vegetation, the overall trapping
efficiency can be approximately estimated by
treating the hillslope as N sections. From Eq. (6)
e v = 1− κ 1 κ 2 Lκ N

e(t)

(8)

where XL is the total distance traveled by the fluid
parcel in its passage through the vegetation strip
under a Lagrangian frame sense. XL is often greater
than X, the length of vegetation strip in the flow
direction because of the meandering of the flow. In
shallow overland flow, it is appropriate to assume
XL X.

κ = exp(−aX )

routing in the channel network as shown in Figure
1.

(12)

Sh(t)
rh(t)

yh (t ) =
Hillslope Storage
Sn(t)
rn(t)

The hillslope store is supplied with sediment by
soil eroison at a rate e(t) [M/L2/T] over an effective
storm duration ter (sediment transport only occurs
during this time period). At a given time t, the
hillslope stores part of the eroded sediment,
deposits another part at a rate rh, and delivers the
rest to the channel network store, located
downstream of it, at a rate yh [M/L2/T]. yh is
assumed to be a linear function of the mass of
sediment stored in the hillslope per unit area,
denoted by Sh [M/L2]. The area specific sediment
yield from the network store, y [M/L2/T], which is
the same as the area specific sediment yield from
the catchment outlet, is assumed to be a linear
function of the sediment stored in the channel
network, denoted by Sn [M/L2].
The continuity equation of sediment for the two
stores can be expressed as:
dS h (t )
= e(t ) − rh (t ) − y h (t )
dt
y h (t ) = (1 − e v ) S h (t ) / t h

In channels, deposition by gravitational settling is
counted as the only mechanism for sediment
deposition. The other two processes are considered
as insignificant. The filtration by in-stream riparian
vegetation can be important sometime. It can be
easily incorporated if necessary.

rn (t ) = S n (t ) / t f

To relate sediment transport to hydrological
response and deposition, the linear model of
catchment response [Sivapalan et al., 2002] is
adapted and modified. Instead of using the model
for studying catchment response of flood, we use
the same concept to model SDR. The model
consists of two independent component processes:
sediment transport on hillslopes and sediment

Sn (t )
tn

Figure 1. Diagram of a two storage lumped
linear model of sediment transport at catchment
scale.

rh (t ) = S h (t ) / t f + S h (t ) / t in

A Simple Sediment Transport Model

y (t ) =

Channel Storage

As 0 ≤κi ≤1, i = 1…N, Eq. (12) suggests that ev
becomes progressively larger when the vegetation
cover becomes denser at surface level or the
hillslope becomes longer.

2.2

S h (t )
(1 − ev )
th

dS n (t )
= eb (t ) + y h (t ) − rn (t ) − y (t )
dt
y (t ) = S n (t ) / t n

(13)

where th is the mean hillslope travel time and tn is
the mean channel travel time and eb(t) [M/L2/T] is
the stream bank erosion rate at time t.
For simplicity, we look at the special case where
hillslopes are eroded at a constant rate e during the
entire duration of effective sediment transport ter.
The stores Sh and Sn are empty at the beginning of
the storm, meaning that the sediment existing
originally in the channel network is not considered.
We also exclude other forms of channel sediment
sources such as bank erosion, meaning the

sediment supplied to the channel network is only
from hillslope.
Eq. (13) can be written as functions as yh and yn



th
dy h
th
= e −  λ h
+ 1 y h
(1 − e v ) dt
 (1 − e v ) 
dy n
= y h − (λ n t n + 1) y n
dt

(15)

Expressions of SDR

At a storm event, SDR can be either expressed as:

SDRe =

SDR p =

∫ y(t )dt
∫ e(t ) dt

simplified

y peak

(17)

e peak

∫ e(t )dt = e t and Eq.
as SDR = ∫ y (t )dt e t
er

e

er

(16) can be
. The later

definition is based on peak value of sediment yield.
In the literature, though descriptions of SDR often
implies (16), meaning SDR representing the total
loss of sediment due to deposition, the actual
measurements undertaken were mostly based on
(17), which is multiplying averaged sediment
concentration by total flood discharge. For the first
time, the simple model we proposed here enables
us to show, under the same physical conditions,
how different SDR would be because of the two
definitions above. For convenience of discussion,
we call (16) as “morphological view” based
definition and (17) as “hydrological view” based
definition.
RESULTS

Eqs. (14) and (15) are solved analytically and lead
to two sets of expressions of SDR based on the
definitions of SDRe and SDRp. (e.g. Eqs. (16) and
(17))
1
SDRe ,h =
(18)
Ah
SDRe =

1
Ah B n

(20)



 B

1 
1
SDR p =
1−
exp − n t er 
t h Bn
Ah B n 
 tn

 1−
A
t
h
n


(21)

where Ah = 1 + λ h t h /(1 − e v ) and B n = 1 + λ n t n

Eqs. (18) to (21) are used to compute the
magnitudes of SDRe and SDRp in relation to
channel travel time tn (Figures 2 and 3) and
particle diameter d (Figure 4) for different values
of time scales ter and th. For simplicity, we assume
that th is independent of catchment area and tn is a
scaling function of catchment area

t n = ξ Aυ

(19)

(22)

where tn is in hrs and A is in km2. For a start, we
assume ξ = 0.76 and υ = 0.38 [ARR, 1987].
Meas (Roehl, 1962)

ev = 0, th = 0.1 hr

ev = 0, th = 1 hr

ev =0.999, th = 0.1 hr

ev = 0.999, th = 1 hr
1
0.8
0.6
0.4
0.2
0
0

2

4

6

8

tn (hr)

1
0.8
SDRe

3.



t er 

1 − exp − Ah
t h 



and subscripts h stands for the hillslope store only.

(16)

The former expression states that SDR is the ratio
between the area under sedi-graph and the area
upland ero-graph. For the special case we
considered,

1
Ah


 A

1
−
exp − h t er 
A t
 th

1− h n

t h Bn


1
1
1
+
where λ h =
and λn =
.
t f t in
tf
2.3

SDR p , h =

SDRe

tn

(14)

and
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Figure 2. SDRe as a function of channel travel
time tn for different ev and th, for silt with particle
diameter d of 35 µm.

Figure 2. shows that SDRe remains constant over
the catchment area A. The differences in SDRe are
due to ev and th and has nothing to do with ter and tn.
It matches the “morphological view”. That is, over
time, sediment delivery is only restricted by
hillslope supply. Channels tend to export all the
sediment delivered to them. However, the
computed SDRe does not match “hydrologically”
based measurements [Roehl, 1962].
Meas (Roehl, 1962)
ev = 0, th = 0.1, ter = 2 hr
ev = 0, th = 1, ter = 2 hr
ev = 0.999, th = 0.1, ter = 2 hr
ev = 0.999, th = 1, ter = 2 hr

ev = 0, th = 0.1, ter = 0.5 hr
ev = 0, th = 1, ter = 0.1 hr
ev = 0.999, th = 0.1, ter = 0.5 hr
ev = 0.999, th = 1, ter = 0.5 hr

SDRp

1

0.1

0.01
0.1

1
tn (hr)

10

SDRp

1

magnitude) are due to heterogeneity in catchment
properties represented by th, ev and ter. For a given
area, the ratio ter/th is the main factor causing the
reduction of SDR vs area A. Changing ev from 0 to
0.999 only causes small change in SDRp, Although
further increase in ev reduces SDRp more
dramatically, its does not change the scaling
exponents of SDR ∼ A (e.g. the slope of SDR ∼ A
curve). The scaling exponents with respect to
catchment area A are between 0.0 and -0.38, which
is in good agreement with the value range reported
in the literature (between 0.01 to -0.25 [Walling,
1983].
Eqs. (18) to (21) also allow us to plot SDR as
function of particle size. Figure 4 shows how SDRe
and SDRp changes with particle diameter d in a
non-linear fashion. Overall, SDRe and SDRp
decrease when particle size increases and remain
constant for small particles. However, they obey
very different rules. For the same particle size,
SDRp can be one order smaller than SDRe if the
ratio ter/th is large. Although SDRe and SDRp both
decreases when th increases, the ratio ter/th plays a
profound role in determining the values of SDRp.
On the other hand, SDRe does not depend on ter at
all as it is shown in Eqs. (18) and (20).
ev = 0, th = 0.01 hr
ev = 0.98, th = 0.01 hr
ev = 0.9999, th = 0.01 hr

0.1

ev = 0, th = 1 hr
ev = 0.98, th = 1 hr
ev = 0.9999, th = 1 hr

ev = 0, th = 10 hr
ev = 0.98, th = 10 hr
ev = 0.9999, th = 10 hr
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Figure 3. SDRp as a function of channel travel time
tn for different ev and th, for silt with particle
diameter d of 35 µm.

0.6
0.4
0.2
0
0.4

1

10

100

1000
d (um)

0.3

SDRp

Figure 3 (upper panel) shows that SDRp remains
constant for small values of tn (the scaling
exponent with respect to tn is close to zero), while
for larger values of tn, they decrease linearly with
increasing tn (e.g. the scaling exponent equal to -1).
The change of slope in SDRp occurs earlier (e.g. at
smaller tn) for smaller ter (in comparison with ter
and th), meaning that SDRp remains constant for
larger catchment area if the effective upland
erosion period becomes longer. The effects of ev
and particle size are to smooth and thus reduce the
magnitude of SDRp, without changing the scaling
exponents with respect to tn.
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Figure 4. SDR as a function of particle size for
different values of th and ev while channel travel
time ter is set to 2.4 hr.

The computed SDRp shown as families of curves in
Figure 3 (lower panel) forms upper-bound, lowerbound and middle range values of “hydrological view”
based measurements [Roehl, 1962] nicely. It shows that,

4.

for a given catchment area, the large variations in
SDR measurements (vary up to two orders of

Two types of SDR can be defined. In the literature,
the two definitions have never been clearly

DISCUSSIONS AND CONCLUSIONS

articulated and described in mathematical form.
As a result some controversy has resulted [Trimble
and Crosson; 2000; Nearing et al., 2000]. When
discussion is based on one, but measurements are
based on another, confusion occurs. This study
clears such confusion.
Eq. (16) states the “morphological view” which
considers the total deposition over the entire
erosion versus sediment transport periods. When
the whole sedi-graph is considered, SDR remains
constant for un-vegetated channels. It suggests that
the channel network is capable of transporting
most the sediment delivered to it. The fraction of
eroded upland sediment delivered from hillslope to
the channels is reduced by the presence of
vegetation cover or increase in hillslope length.
Eq. (17) describes the “hydrological view” which
is based on the measurements of peak runoff and
sediment concentration. Under this view, Eq. (2)
applies (though the exponent is not necessarily a
constant) and SDR decreases with increasing
catchment area. Multiplying such a peak-valuebased SDR with long-term averaged upland
erosion rate causes the long standing confusion
mentioned above. It results in a false impression
that large amounts of sediment would be deposited
in streams. It is not observed in reality as it was
correctly pointed out and argued by Trimble and
Crosson [2000]. The confusion is brought by the
mismatch of time dimensions for upland erosion
and sediment transport in the channels, simply
because upland erosion often occurs at shorter time
scale and in a intermittent fashion and sediments
are transported in the channel network over longer
time period.
In the sense of Eq.(2), a “hydrological view” based
expression, previous studies treat the scaling
exponent as constant over a range of catchment
area A. However, change in was evident in the
observation from different parts of world
[Milliman and Meade, 1983]. Our simple sediment
transport model shows that is not constant. The
change of
is primarily due to a change of
effective period of upland erosion in comparison
with catchment residence time and less affected by
upland vegetation and sediment particle size. In
small catchments, storm duration is long compared
to the catchment’s residence time. The sediment
eroded from the whole catchment area contributes
to the peak value of the sedi-graph. As long as this
remains true, the SDRp, does not decrease with
catchment area and the scaling exponent remains
zero. On the other hand, in large catchments, storm
duration is usually smaller than the catchment
residence time. Only a fraction of the catchment
area contributes to the sediment peak, and
according to Eq. (22), decreases toward -0.38.

In summary, we derived two sets of event-based
SDR expressions based on a simple linear sediment
transport model. The results of this simple model
not only clears a long-standing confusion in the
sediment transport literature, but also provides a
sound physical basis for estimating spatial patterns
of sediment transport over large catchments.
Differences in the time variables ter, tn and th and
other model parameters represent the heterogeneity
in catchment properties. The model presented here
can be used to model the spatial distribution of
SDR if those parameters can be spatially
differentiated.

5.

ACKNOWLEDGEMENTS

This work is the outcome of project No. 2.20 (2B):
sediment and nutrient budgets for modelling water
quality in river networks of CRC, Catchment
Hydrology, Australia.

6.

REFERENCES

ARR, Australia Rainfall Runoff, Volume I, (Eds)
Pilgrim, D. H, 1987.
Flanagan, D.C., J.C. Ascough II, M.A. Nearing,
J.M. Laflen, S.J. Livingston, The Water
Erosion Prediction Project (WEPP) Models
for Use in Natural Resource Management.
1995.
Gregory, K.J. and D.E. Walling, Drainage Basin
form and processes: a geomorhological
approach. New York Wiley, 458 p., 1973.
Milliman, J.D. and R.H. Meade, World-wide
delivery of river sediment to oceans. J. Geol.
91:1-21, 1983.
Nearing, M.A., M.J.M. Romkens, L.D. Norton,
D.E. Stott, F.E. Rhoton, J.M. Laflen, D.C.
Flanagan, C.V. Alonso, R.L. Binger, S.M.
Dabney, O.C. Doering, C.H. Huang, K.C.
McGregor and A. Simon, Measurements and
models of soil loss rates (comment). Science
209, 1300-1301, 2000.
Roehl, J.E., Sediment source areas, delivery ratios
and influencing morphological factors, Int.
Ass. Sci. Hydorl. Publ. 59, 202-213, 1962.
Sivapalan, M., C. Jothityangkoon and M.
Menabde, Linearity and non-linearity of basin
response as a function of scale: Discussion of
alternative definitions. Water Resour. Res.
38(2): 4.1-4.5, 2002.
Trimble, S.W. and P.U.S. Crosson, soil erosion
rates - myth and reality. Science 289, 248-250,
2000.
Walling, D.E., The sediment delivery problem.
Journal of Hydrology 65, 209-237, 1983.

